ABSTRACT The objective was to use noninvasive measurements to formulate equations for predicting the abdominal fat weight of laying hens in a noninvasive manner. Hens were fed with different diets; the external body measurements of birds were used as regressors. We used 288 Hy-Line Brown laying hens, distributed in a completely randomized design in a factorial arrangement, submitted for 16 wk to 2 metabolizable energy levels (2,550 and 2,800 kcal/kg) and 3 levels of crude protein in the diet (150, 160, and 170 g/kg), totaling 6 treatments, with 48 hens each. Sixteen hens per treatment of 92 wk age were utilized to evaluate body weight, bird length, tarsus and sternum, greater and lesser diameter of the tarsus, and abdominal fat weight, after slaughter. The equations were obtained by using measures evaluated with regressors through simple and multiple linear regression with the stepwise method of indirect elimination (backward), with P < 0.10 for all variables remaining in the model. The weight of abdominal fat as predicted by the equations and observed values for each bird were subjected to Pearson's correlation analysis. The equations generated by energy levels showed coefficients of determination of 0.50 and 0.74 for 2,800 and 2,550 kcal/kg of metabolizable energy, respectively, with correlation coefficients of 0.71 and 0.84, with a highly significant correlation between the calculated and observed values of abdominal fat. For protein levels of 150, 160, and 170 g/kg in the diet, it was possible to obtain coefficients of determination of 0.75, 0.57, and 0.61, with correlation coefficients of 0.86, 0.75, and 0.78, respectively. Regarding the general equation for predicting abdominal fat weight, the coefficient of determination was 0.62; the correlation coefficient was 0.79. The equations for predicting abdominal fat weight in laying hens, based on external measurements of the birds, showed positive coefficients of determination and correlation coefficients, thus allowing researchers to determine abdominal fat weight in vivo.
INTRODUCTION
Understanding the use of dietary energy and its partitioning standard for modern laying hens has become increasingly important, as it enables greater efficiency and allows for more accurate control of production costs (Murugesan and Persia, 2013) . Diet energy influences the productive performance (Murugesan and Persia, 2013; Jiang et al., 2013b; DePersio et al., 2015) , egg quality (Pérez-Bonilla et al., 2012; Li et al., 2013; Jiang et al., 2013b) , reproduction (Abplanalp et al., 1984; Romero et al., 2009 ) and bone quality (Jiang et al., 2013a; Jiang et al., 2013b) of laying hens, while the dietary protein is digested by birds to provide amino acids to use for maintenance, production, and synthesis of proteins utilized for growth and egg production C 2016 Poultry Science Association Inc. Received June 8, 2016 . Accepted October 26, 2016 Corresponding author: cleversonsz@hotmail.com (Latshaw and Zhao, 2011) besides presenting a behavior effect of birds and feed intake (Peganova et al., 2003) . However, high levels of protein in the diet are uneconomical and increase nitrogen excretion and environmental pollution (Silva et al., 2006) . A significant indicator of excess dietary energy is the amount of abdominal fat (Pfaff and Austic, 1975; Maurice et al., 1982) . The measurement of abdominal fat weight is achieved through the sacrifice of birds and fat weighing located in the abdomen (Jiang et al., 2013a; Van Emous et al., 2015) . Then, it is necessary to sacrifice birds to determine abdominal fat weight because it is not possible to get that measure during the experimental period, and it is realized only at the end of experiments. Many animals are required, at the beginning of the work, to measure experiments with replications in time, turning the process into costly trials. There is also the possibility of incurring methodological errors to remove the fat, it is necessary skill of the handlers to standardize the removal of fat from each bird, associated with the time it takes to kill a lot of birds, which takes the physical exhaustion of handler.
Several studies have proposed equipment and equations with which to noninvasively estimate abdominal fat and body composition in broiler chickens (Pym and Thompson, 1980; Gyles et al., 1984; Latshaw and Bishop, 2001 ). The use of equations for predicting birds' body composition and growth curves (Kleczek et al., 2006; Faridi et al., 2014) , and energy values of food for birds (Han et al., 1976; Meloche et al., 2013) and swine (Noblet and Perez, 1993; Anderson et al., 2012; Wang et al., 2014 ) is the focus of many studies and may be an attractive tool in indirect and noninvasive determination of abdominal fat in layers. In the present study, it was hypothesized that it is possible to generate equations to determine the weight of abdominal fat in laying hens through external measures from the birds, and for each diet tested we could generate an equation, thus, we could determine abdominal fat weight without sacrificing the birds.
Therefore, this research aims to determine multiple and linear equations to predict the abdominal fat weight of laying hens through a noninvasive method, fed with different levels of metabolizable energy and crude protein in diets, and using as regressors external body measurements.
MATERIAL AND METHODS

Animals, management, and treatments
The experiment was conducted in the Poultry Sector of the Department of Animal Production, at the University of Santa Catarina State, Brazil. In total, 288 HyLine Brown layers were used. The hens were distributed in a completely randomized design in a factorial arrangement. They were submitted to 16 wk of 2 levels of metabolizable energy (ME) (2,550 and 2,800 kcal/kg) and 3 levels of crude protein (CP) in the diet (150, 160, and 170 g/kg), with 6 treatments and 48 birds each. Each bird was considered as a single replicate.
The diets (Table 1) were based on corn and soybean meal, following the recommendations of Rostagno et al. (2011) , except for the levels of ME and CP. Water and feed were provided ad libitum, and a photoperiod of 16 h was used during the experimental period.
External measurements
At the end of the experimental period, it was possible to measure the length of the bird (BL), tarsal length (TL), larger diameter tarsus (LDT), smaller diameter tarsus (SDT), and sternum length (SL), all expressed in cm (Figure 1 ). BL was measured using a tape measure stuck to a flat surface, where the bird was immobilized and placed in sternal-abdominal recumbency. Measurements were obtained at the tip of the greater toe, until the outset of beak. These measurements were obtained by using a digital caliper King Tools, model 502.150BL. For the bird's length, a graduated tape measure, in centimeters, was used, set on a table and the bird placed on it (Figure 1) . The bird's live weight (LWB), expressed in grams, was obtained through a digital balance accurate to 5 grams. Next, the birds were sacrificed by cervical dislocation, previously desensitized by electroshock, and abdominal fat observed (OF) was removed and measured on a digital scale (0.001 g precision) for body measurements.
An equation was proposed to predict the abdominal fat values for each level of ME, CP, the interaction between levels of ME and CP, and also, a general equation making the measurement of all birds without taking into consideration the treatments. Then, several alternatives to abdominal fat prediction based on levels of ME and CP were allowed.
Statistical analysis
The equations were obtained by using the BL, TL, LDT, SDT, SL, and LWB measures of each bird as regressors and through simple and multiple linear regression analyses by utilizing the stepwise method of indirect elimination (backward). It was considered P < 0.10 for the variable remaining in the model through the PROC REG, and the Pearson correlation analysis was determined by the PROC CORR and the statistical software SAS (2011). 
RESULTS AND DISCUSSION
The equations to determine abdominal fat in each dietary energy level showed coefficients of determination of 0.74 and 0.50 for 2,550 and 2,800 kcal/kg ME, respectively (Table 2 ). For the lowest energy levels tested, it was possible to use in the model the BL, LDT, SL, and LWB measurements. As for the higher energy level in the diet, only the BL and LWB were included in the model. The inclusion or exclusion of measures as regressors, in the models, was performed at a 10% significance level; then, they were not selected randomly but statistically, which enables more reliable results. The equations generated for abdominal fat determination yielded coefficients of determination of 0.75, 0.57, and 0.61 for 150, 160, and 170 g/kg of CP in the diet, respectively. The BL and LWB measures were used in the model for the equations for 150 and 160 g/kg CP, and LDT, SDT, SL, and LWB measures for the equations for the level with 170 g/kg CP.
The equations generated for diets with 2,550:150, 2,550:160, 2,550:170, 2,800:150, 2,800:160, and 2,800:170 (ME: CP) yielded coefficients of determination of 0.82, 0.74, 0.79, 0.62, 0.40, and 0.75, respectively. LWB measurement was utilized in the equations for all treatments, which shows that the variable is indispensable for determining abdominal fat by the equation proposed herein. Furthermore, high values of coefficients of determination were observed.
Considering all diet data, the data generated a general equation for determining the weight of abdominal fat. The equation used measures of BL, LDT, and LWB of the bird, with a coefficient of determination of 0.62. The coefficient of determination (R 2 ) is the mathematical result of the high correlation coefficient squared, and it is used in conjunction with the regression analysis when the correlation coefficient is not applicable.
The same goes for determining how much of the variation found in the response variable should be the independent variable by varying the value 0 to 1 and closer to 1; the greater the variation in the dependent variable is explained by the independent variable (Steel and Torrie, 1980) . Knowing that abdominal fat has a high coefficient of variation as shown in the literature (Mirosh et al., 1981; Gyles et al., 1984; Jiang et al., 2013a) , the equations presented can explain the variation in the response variable, abdominal fat, with excellent reliability.
The literature does not report any similar work done with laying. However, a study in broilers by Pym et al. (1980) determining the percentage of abdominal fat using the measurements of body weight as fat harvested by utilizing a caliper, the bird's sex and the relationship between the caliper's extent and sex, generated an equation with coefficients of determination to the proportion of abdominal fat of 0.693. Latshaw and Bishop (2001) studied the development of equations to estimate body weight and body composition for chickens, using measurements taken with inexpensive instruments. For BW, they found a coefficient of determination of 0.78 when 3 body measurements were included: breast width, circumference, and pelvis width. To formulate an equation for body fat, they used skinfold calipers and weight and total body electrical conductivity (TOBEC) measurements, which yielded a coefficient of determination of 0.78.
For all the equations generated here, LWB was included, as suggested by Gyles et al. (1984) . The correlation between body weight and abdominal fat for dams was high (0.71). The genetic correlations between body weight and abdominal fat in broilers were 0.23 for males and 0.64 for females, demonstrating the importance of this variable.
In this paper, to validate the results obtained from the equation, it was possible to use the correlation analysis between the observed outcome (weight of abdominal fat collected after the sacrifice of the bird) and the result calculated by the equation. The correlation coefficient determines the degree to which 2 variables vary together with the strength measure of that association. Thus, it must be symmetrical between the variables (Steel and Torrie, 1980) . The correlation coefficients of fat weight observed and calculated by the equations (Table 3) showed high scores of 0.86 and 0.71 at levels of 2,550 and 2,800 kcal/kg of ME in the diet, respectively. The Table 3 . Correlation coefficients between the observed values of fat weight and the values calculated for each bird, and the observed average and calculated for abdominal fat in laying submitted to diets with different levels of metabolizable energy (ME) and crude protein (CP). Figure 2. Behavior of abdominal fat weight observed in the level of de 2,550 (OF2550) and 2,800 kcal/kg (OF2800) and fat weight calculated to 2,550 kcal/kg (CF2550) and 2,800 kcal/kg (CF2800) for each bird.
equations based on dietary CP levels also yielded high scores, in which the correlation coefficients were 0.86, 0.75, and 0.78 between the results achieved with the collection and weight calculated by the equation for each bird, respectively, for 150, 160, and 170 g/kg CP.
For diets with interaction between the levels of ME and CP, the coefficients were 0.63 to 0.91 (Table 3) .
The general equation has a correlation coefficient between the observed and calculated data of 0.79, and is highly significant (P < 0.0001). The high significance of correlation coefficients, linked to its high value, indicated reliability in the generated equations in the representation of abdominal fat. (Pym and Thompson, 1980) reported a correlation coefficient of 0.80 and 0.79 for males and females, respectively, for the measurement of abdominal fat related to phenotypic characteristics determined by measuring the caliper. In broiler chickens, abdominal fat is a better predictor than backskin fat for determining total body fat, total fat minus abdominal fat, percent carcass fat, and percent intestinal fat (Becker et al., 1979) . Thus, the capacity to measure abdominal fat without sacrificing the bird could allow for the genetic selection of primary individuals.
The behavior of real fat weight data from each bird and the results obtained with the equation generated for each bird are presented by ME levels (Figure 2) , CP levels (Figure 3 ) for the energy level vs. protein (Figure 4 ) and the general equation (Figure 5 ). Thus, it is possible to compare the fat weight observed for each bird to the values predicted by various equations.
Because of the shortage of materials related to the topic and covered in this test, it is essential to carry out new studies to validate these equations in birds of other strains and different ages. Validation of the proposed models would allow for periodic monitoring of abdominal fat in breeding stock, without having to sacrifice birds. For all diets, the equations for predicting the weight of abdominal fat in various layers, based on external measurements of the birds' features, presented good coefficients of variation and correlations between observed and predicted values. The equations presented here can thus be used as a noninvasive method for determining the weight of abdominal fat layers. Behavior of abdominal fat weight observed for diets with 2,550 kcal/kg and 150 (OF2550vs15), 160 (OF2550vs16) and 170 g/kg (OF2550vs17) and for diets with 2,800 kcal/kg and 150 (OF2800vs15), 160 (OF2800vs16) e 170 g/kg (OF2800vs17) of protein in the diet, and fat calculated for diets with 2,550 kcal/kg and 150 (CF2550vs15), 160 (CF2550vs16) and 170 g/kg (CF2550vs17) and for diets with 2,800 kcal/kg and 150 (CF2800vs15), 160 (CF2800vs16) e 170 g/kg (CF2800vs17) of protein in the diets for each bird. Figure 5 . Behavior of the abdominal fat observed (OFG) and that calculated in relation to the general equation (OFEG) for each bird, independent of treatment the bird received.
